This paper presents the concept of a dual latent heat sink intended for low thermal duty cycle electronic heat sink applications. The effectiveness of this heat sink depends on the rapidness of the heat storage facility in the design during the pulse heat generation period of the duty cycle. Heat storage in this heat sink involves transient simultaneous laminar film condensation of vapor and melting of an encapsulated phase change material in graphite foam. The key focus of this paper is to numerically analyze this conjugate heat transfer problem including the wall inertia effect and thus verify the effectiveness of the heat storage mechanism of the heat sink. An effective heat capacity formulation is employed for modeling the phase change problem and is solved using finite element method. The results of the developed model showed that the concept is effective in preventing undue temperature rise of the heat source. 
I. Introduction
Future electronic systems will involve small size, light-weight and compact components that release very high waste heat in a pulse. Miniaturization of such systems will generate large heat fluxes during the pulse time, which will require the development of an efficient thermal management system. This paper introduces the concept of a unique dual latent heat sink intended for low thermal duty cycle electronic heat sink applications. This new heat sink design combines the features of a vapor chamber with rapid thermal energy storage (TES) employing graphite foam inside the heat storage facility along with phase change materials. As against to using a heat pipe for heat acquisition and transport, a vapor chamber acting as a heat spreader enables for more uniform temperature distribution along the surface of the device being cooled, still incorporating the rapid heat absorption feature of a heat pipe. Hence, the vapor chamber feature elevates the system thermal conductivity by about hundred to thousand times that of pure metallic copper. This feature coupled with the rapid TES facility in the design makes this integrated system an useful one for multiple thermal management applications. Potential application areas include but are not limited to temperature control of IGBTs and MOSFETs, electronic cooling in aircraft and avionics, intermittent high-speed machine element cooling, high-speed laser component cooling, high power microwave and missile launch applications and thermal management of electrical and electronic systems in hybrid electric vehicles.
II. Concept of Integrated Vapor Chamber -Thermal Energy Storage (VCTES) System
Complete details of the concept of the VCTES heat sink can be found in Ref. 1 . It is a 7 MJ heat sink ( Fig. 1 ) with a volume of 0.072 m 3 and weighing 57.5 kg. It is designed to have a low vapor-to-condenser temperature difference (7 0 C), fast charging ability, environment safe operation, high heat flux capability (500 W/cm 2 over an area of 100 cm 2 ) and high energy storage density (97 MJ/m 3 , 0.122 MJ/kg) over a charging pulse of 140 s. A scaleddown version of this dual latent heat sink is being tested at the University of Central Florida and this paper focuses on numerically simulating the heat storage phenomenon as applied to this scaled-down version.
Figure 1. Concept of integrated VCTES system (applied to a spray-cooling module)
This dual latent heat sink system thermal operation is characterized by the following three processes namely, a) Heat Acquisition (by liquid-vapor phase change inside the vapor chamber) b) Heat Storage (by vapor flow followed by film condensation on containers with simultaneous phase change of a PCM inside those containers) and, c) Heat Rejection (by discharging through the condenser surface of the vapor chamber). Of these, the most important process is the heat storage or more precisely, the swift temporary storage of waste heat using encapsulated phase change materials in a conductive medium. It is because of this rapid temporary thermal energy storage that this heat sink can be designed for an average heat load rather than for pulsed heat loads. But as most of the available phase change materials have very low thermal conductivities, the heat storage path evolves as the maximum heat resistance path in heat sinks employing thermal energy storage. But the key feature that enables for a fast heat storage mechanism in this heat sink is a coupled or conjugate heat transfer phenomenon wherein the vapor carries heat from the source and condenses on the outside of thermal energy storage containers and the heat is simultaneously absorbed by phase change materials encapsulated inside those containers in a highly thermally conductive porous graphite foam. Hence, the key focus of this paper is to numerically analyze the key phenomenon of heat storage as specific to the above-mentioned heat sink.
Most thermal energy storage modeling till date focused only on the heat absorption process with a constant temperature or constant heat flux condition imposed on the surrounding boundary/encapsulation. This kind of American Institute of Aeronautics and Astronautics 092407 y condition for the PCM melting comes from film condensation of vapor on the ou blem by considering the two media separated by the wall as porous. Both Re rn the rapidity and efficiency of such temporary heat storage mechanisms in future as in the current VCTES system. n below. Coupling of the two models with heat conduction within the TES container walls is also mentioned.
A.
model 6 in graphite foams owing to the large A/V ratio in graphite foams. The rea analysis can produce different conclusions compared to actual situation in the above-mentioned integrated VCTES heat sink, where the wall boundar ter surface of container walls. There is no available literature till date that focused on the conjugate heat transfer problem of transient laminar film condensation coupled with encapsulated PCM melting in porous graphite foams. To the best knowledge of the authors, only limited attention was focused on the numerical analysis of conjugate transient heat transfer problem of condensation and melting. Contreras and Thorsen 2 were probably the first to analytically study the transient condensation of a saturated vapor on a solid of same chemical composition coupled with melting of the same solid. They ignored the inertia terms in the momentum equation but included the convective terms in the energy equation and obtained an integral solution using a quadratic temperature profile. Galamba and Dhir [3] [4] [5] numerically analyzed the problem of transient condensation of saturated vapor on both normal 3 and subcooled 4 vertical solid walls whose melting temperatures were less than the vapor saturation temperature. The condensing fluid and the melting wall material were assumed immiscible. They used both analytical and numerical techniques for solving the governing equations, which ignored inertia terms in the momentum equation and convective terms in the energy equation. The melt layer physics is treated in a similar way as the condensate film using analogous parameters for melt layer thickness and steady-state time as for film condensation. This kind of treatment for melting does not hold good if melting occurs in porous media like foams, especially in most metal and graphite foams where the pore size is in the order of a few tens to hundreds of microns. The small pore size in foams will provide a capillary effect and lower the effect of gravity. In addition, it was shown in Ref. . These conditions specific to graphite foams will provide a Rayleigh number smaller than the critical value for natural convection in the melt to become significant. Hence, the PCM melting in graphite foams must be modeled as transient conduction dominated moving melt front problem. Further, the encapsulation of PCM in containers induces wall effects that were not included in any of the prior related work. Chen and Chang 8 studied an analogous conjugate problem of laminar film condensation and natural convection on opposite sides of a vertical wall and included the effect of wall thermal resistance. Char and Lin 9 extended the pro fs. 8 and 9 were steady state analyses. Hence, it forms an interesting aspect to numerically solve and understand the transient problem of laminar film condensation coupled with encapsulated solid-liquid PCM phase change inside graphite foam. This would help in better understanding and quantifying important parameters that gove
III. Numerical Model
As mentioned before, a fast design tool for this VCTES system was already developed to facilitate a preliminary design for the experiment and this numerical simulation is based on the geometry as a result of optimizing the design tool. Full details of optimization and theoretical aspects of the design tool can be found in Ref. 1 . Individual numerical models for PCM melting inside graphite foam and film condensation on the outside of PCM encapsulating containers are give
Encapsulated PCM phase change in a high thermally conductive porous graphite foam
The phase change process of PCM in highly thermally conductive porous graphite foam is solved as a nonlinear transient moving boundary problem. It was observed that the two-temperature model 10 as observed in metal foams can be solved as a one-temperature son for this is explained below. The actual mode of heat transfer to the PCM in a pore can be assumed as three dimensional through conduction in the foam ligaments. This assumption is equivalent to opening up a cuboid (a hollow rectangular fin) lying in a three dimensional Cartesian coordinate system into a surface (fin) lying in a two-dimensional coordinate system and assuming that the PCM lies above this fin with a uniform thickness. But when the surface is closed back to form a cuboid, there will be overlapping of PCM volumes. So a two-dimensional model provides for lesser foam surface area for PCM phase change compared to a cuboid fin model. But this increase in foam surface area in the cuboid fin model can be alternately captured in the two-dimensional fin model by increasing the number of fins per unit inch . On increasing N above 20, it was shown in Ref. 6 that the PCM phase change in porous foams can be modeled using a one-temperature model. This is also true because of a very low heat flux at the pore level when N is a large 5 a sin his can be better explained by onsidering an equivalent Biot number (Bi) as given by Eq. (14) 7 leads to a value of N much greater than 20. Therefore, gle temperature representative of both the foam and PCM temperatures can be used in the numerical modeling. Another interesting feature to be noted with respect to heat transfer in graphite foams filled with a PCM is that the heat transfer occurs in series from the column (TES unit) wall to the column center rather than in a lumped manner in all the foam ligaments first and then in parallel paths in all the pores. T c int can be found from the pore Nusselt number as,
the PCM interacting with the solid foam as wall to the container center portion rather than in the foam ligaments firs d to the temperature drop in the PCM fill ter 16 . Therefore, for the current simu a) M can be ignored as explained earlier. (1), we get Bi ~ 7. With a Bi >> 0.1, it is clear that the conduction resistance in the foam ligaments is much higher compared to the convective heat transfer resistance at the interface of the foam ligaments and PCM, which implies the temperature gradient inside foam ligaments cannot be ignored. Hence, the heat transfer occurs in series from the container t followed by parallel paths in all the pores. As far as the effect of film condensation on the dimensions of the phase change problem is concerned, it must be noted that the column wall temperature will have a variation along the height and the temperature drop across the film in the cross-stream direction will be about the same or even more compare ing the foam. Therefore, the heat transfer in PCM will be two-dimensional. Based on the above conclusions, the model then collapses to solving a phase change problem in the Y-Z plane of the TES column (Fig. 2) by considering the effective thermophysical properties of the foam-PCM composite based on the foam porosity. A fixed grid heat capacity formulation [14] [15] [16] is used to model this problem. Enthalpy models [17] [18] [19] [20] for phase change are attractive in the sense they do not require explicit tracking of the phase change interface unlike in the heat capacity methods. But, whereas the heat capacity method provides explicit temperature field in the phase change domain, the temperature field in an enthalpy model has to be implicitly evaluated using the enthalpytemperature correlation. In addition, liquid fraction field is imbibed in the temperature field in the enthalpy models. It has been traditionally observed that for phase change problems with a melting range and for conjugate heat transfer problems involving adjacent walls, heat capacity method performs bet lation, an easy-to-implement modified effective heat capacity method is used. The mathematical model is described below and includes the following assumptions:
The effects of natural convection within the molten PC the phase change process is conduction dominated. Temperature gradients in the X-direction (Fig. 2 , which is representative of actual columns in the scaleddown that is being tested at University of Central Florida) can be ignored owing to symmetry of the boundary conditions with respect to that direction. This can be justified since the X-direction boundary conditions for the phase change inside the column come from the condensing film on the outside of the column and the co charging process. Thermal conductivity of PCM is different for solid and liquid phases but independent of temperature in any one phase. This assumption is reasonable especially for heavy paraffin waxes (number of carbon atoms > 30) that will be used in VCTES experiments of the current work. Paradela et al. 21 exclusively modeled the thermal conductivities of paraffins that are primarily used for TES. From Eq. (9) and Table I in Ref. 21 , it can be seen that the first and second order temperature coefficients for most paraffins are very small compared to their zero order coefficient. In addition, it can be observed that as th carbon atoms increases, the first and second order temperature coefficients decrease. 6 ure in any one phase.
rolled PCM phase change, the transient energy equation in Cartesian coordinate system in eneral is given by, d) Density of PCM is different for solid and liquid phases but independent of temperat e) PCM is homogeneous and isotropic and has no property degradation with time.
al conductivity 1 , the numerical model includes the same by efining a two-dimensional tensor for k as follows: (4) As applied to a column as shown in Fig. 2 
ρ in Eq. (5) is given by Eq. (8). 24 and Chung 25 . It was shown in Ref. 23 and Ref. 24 that the transient problem can be treated as quasi-steady provided that Ja and Ja/Pr are both << 1. This implies that the temperature profile is linear and the velocity profile is parabolic.
It must be noted that in Ref. 24 , it was shown that the above condition on Ja and Ja/Pr holds good for water in atmospheric conditions, while the actual conditions in VCTES are designed to be not atmospheric 1 . In addition, Ja depends on the temperature difference across the liquid film, which differs from case to case. Hence, appropriate values for thermophysical properties of water for conditions in the vapor chamber (P sat of approximately 2 atm) were used to evaluate Ja and Pr for application to the current problem under consideration. Since the film thickness will be small, the temperature difference across the film will be small (~ 1 K). It was found that Ja = 0.0019 and Ja/Pr = 0.0014. Even for a temperature difference across the film of 10 K (which is highly unlikely), Ja and Pr are 0.019 and 0.014, respectively with both much smaller than unity. Therefore, a quasi-steady approach can be used.
The film thickness in any given time-step can be reasonably approximated using Eq. (11) as shown below, where the variation in the wall temperature in the column height direction is also included. 
D. Numerical coupling
In the numerical problem, coupling is required at two junctions; between condensing film and the column outer wall (boundary 1 in Fig. 2 ) and between the column inner wall (boundary 2 in Fig. 2 ) and the composite region of graphite foam and PCM. Coupling is done using the temperature and heat flux continuity at both the interfaces.
The assumptions made for the numerical coupling are: 1) The vapor temperature 'T v ' is a constant.
2) The heat transfer coefficients for heat removal on the column boundaries 6 and 7 (Fig. 2) were chosen to be 50 W/m 2 K and 5 W/m 2 K for column outside and inside faces respectively. The following solution procedure is implemented in each time-step: 1) Solve the PCM and graphite foam composite phase change problem.
2) Solve for δ(z,t).
3) Get T wall (z,t) using temperature and heat flux continuity at the column wall and condensate interface. 4) Go to the next time-step. 5) Repeat steps 1 through 4 until the end of the VCTES charging period. Finite element method is used to solve the above system of equations. A commercial finite element code, COMSOL® 26 along with MATLAB® 27 is used and user-defined modules for solving PCM phase change in graphite foam and condensate film thickness are incorporated.
IV. Results and Discussion
Since no experiments have been performed to check the validity of the current PCM phase change model, it is first verified with one of the experimental results as described in Ref. 28 , wherein, a cylindrical copper block was attached to a cylindrical piece of POCO graphite foam. The copper block was made to act as a heat source by using an external heater attached to its top surface. The entire assembly was then immersed into a Teflon enclosure serving as thermal insulation. The graphite foam was a priori filled with paraffin wax. Schematic of the setup is shown in As mentioned before, the TES columns are designed for experiment and hence for future comparison purposes, the same dimensions (L = 0.9", W = 0.375" and t w = 0.064"), material (copper) and thermocouple nomenclature are used for current numerical simulation.
The PCM is assumed as POLYWAX® 1000 and the DSC curve for the PCM is shown in The chosen PCM has a wide range of melting and so to use the latent heat of PCM effectively by simultaneously not sacrificing the narrow temperature operation of the device, an operating temperature range within the melting range of PCM is chosen where the latent heat is a maximum. This is achieved by integrating the DSC curve over a chosen operating range to obtain the area and hence the heat of fusion for that range of temperature. For example, if an operating range of 10 K is chosen, then there will be multiple options within the melting range (363 K -393 K) but only one of them corresponds to a maximum heat of fusion. The best ranges of operation for all the possibilities within the melting range are found and an operating range of 8 K from 380 K to 388 K is chosen, where the latent heat, h sfo = 138 kJ/kg. Based on the above, c pm is redefined for this particular simulation as,
TC3, TC6 and TC7 in Fig. 6 shows the points of thermocouple tip locations in the actual columns that will be used for experiments. Two more arbitrary thermocouple locations TC1 and TC2 were chosen for the numerical simulation to monitor the outside wall temperature of the TES column. In Fig. 6 , TC7 is located at 6 mm and TC2, TC3 and TC6 are located at 12 mm, all in the vertical direction from the top surface of the foam (boundary 5 in Fig.  2 ). TC1 is chosen to be any point very close to the foam top surface. In the horizontal direction, TC1 and TC2 lie on the column wall outside, whereas TC3 lies on the boundary 2 in Fig. 2 . TC6 lies at a distance of W/4 and TC7 lies at a distance of 3W/8 both from the column inside wall. Figure 7 shows the simulated time history of temperature at various thermocouple locations of Fig. 6 .
The following observations and conclusions can be drawn from Fig. 7: a) The wall temperature drops rapidly from an initial value of vapor temperature because of the presence of a heat sink (PCM) and then begins to rise slowly. b) The dominant resistance during charging is from the condensate film. Once a steady state is reached (a long time after the end of charging), the film and PCM resistances become comparable 1 . c) The presence of a varying thickness condensate film makes the PCM phase change problem twodimensional as expected. d) The PCM temperature governs all other parameters like 'T wall ' and 'δ'. e) Heat penetration into PCM is mostly from the top portion of the column wall where the film thickness is small because of a small thermal penetration resistance. This can be verified by comparing TC7 with TC6.
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f) The initial temperature choice 'T 0 ' of the PCM is appropriate since on an average, the PCM temperature rose from 380 K (107 0 C) to 384.5 K (111.5 0 C), where the latent heat h sfo is a maximum within the PCM's entire melting range as discussed before. g) PCM temperature at the end of charging time is still less than 'T v ' implies the vapor temperature will not rise before the end of charging period. This means that PCM is helpful in preventing the undue rise of temperature and pressure inside the vapor chamber.
Figure 7. Temperature vs. time for PCM with a melting range
The temporal temperature distribution history for the current case under study can be seen in Fig. 8 . Some of the conclusions of Fig. 7 can be clearly observed in Fig. 8 . Figure 9 shows the time evolution of the condensate film during the charging time. The variable Time spans from 0 to 15.5 s and is the same in both the figures. In Fig. 9 , it can be observed that the average film thickness at Time = 0 is zero while at Time = 0.001 s, it is about 81 µm and at Time = 0.5 s, δ on an average increases to 226 µm. This corresponds to the initial rapid cooling of the wall from 'T v ' at Time = 0 to a much lower value at Time = 0.5 s as can be seen in Fig. 7 . As T wall starts to rise again, the film thickness starts going down until the end of charging time to an average value of 190 µm. Using Fig. 7 , the total power absorbed by all TES units is calculated as 235 W (3.63 kJ in 15.5 s). The TES units in the experiment are designed to absorb 250W for 15.5 seconds. Therefore, the numerical analysis validated the experimental design. It is also found that 81% of the total absorbed heat is by the PCM and foam composite, while the remaining 19% is by the encapsulating column walls. This shows the importance of including the column wall inertia effects in the simulation of the conjugate problem. In addition, inclusion of column walls in the model facilitates for simulating simultaneous heat removal on the condenser side (extended portion of the columns i.e., boundaries 6 and 7 in Fig. 2 that protrude outside of the vapor chamber as shown in Fig. 6 ).
A. Importance of having TES in the VCTES heat sink
The effect of presence of PCM on charging of the VCTES heat sink can be observed in Fig. 10 , where the PCM was replaced with air for comparison with Fig. 7 . It can be seen that the wall temperature drops down initially. However, because the sink in this case is not as effective as in Fig. 7 , the wall temperature starts to rise rapidly and catches up with the vapor temperature even before the end of charging time.
If the vapor temperature was not fixed as in the current model, this will cause an increase in the vapor temperature and hence the pressure inside the chamber. It can also be observed by comparing Figs. 7 and 10 that in Fig. 10 , the temperature rise is purely characteristic of transient heat conduction as in a solid but in Fig. 7 , the temperature rise is in a more linear fashion because of PCM phase change. In Fig. 11 , the effect of using a pure PCM is analyzed and plotted. Pure PCMs are characterized by isothermal melting (here, 386 K) and hence the effect of full latent heat can be felt on the heat sink system. PCMs like the one used to simulate the case of Fig. 7 , will have a reduction in the latent heat peak owing to its distribution over a melting range (shown in Fig. 5 ). The effect of melting range on the TES performance was studied and mentioned in Ref. 1 . Heat capacity methods exhibit problems in simulating ideal isothermal melting and so usually enthalpy methods are used. Therefore, a δT of 0.001 K is used to approximately model the phase change process for this case and the entire h sf of 266 kJ/kg is assumed to be distributed over this δT. The temperature-time history of PCM in Fig.  11 is typical of pure PCMs. An initial cooling down of the wall temperature can be observed because of the presence of an effective heat sink (just like in Fig. 7) . The wall temperature begins to rise again but remains almost a constant when the PCM reaches its melting point and continues to stay there even until the end of charging time.
The same initial temperature as chosen in the simulation of Fig. 7 was used even in the simulation of Fig. 11 and so we could observe rapid initial temperature rise in the beginning (the period of no PCM phase change). The advantage of pure PCMs can be very clearly seen if an initial temperature is chosen such that it is slightly less than the PCM melting temperature. For example, in the case of Fig. 11 , if an initial temperature of 385.9 K were chosen, the entire operating temperature of PCM during charging period would have remained at 386 K and the wall temperature would have remained almost the same between 386.5 K and 387.5 K. In Fig. 7 , since the PCM has a melting range, it is inevitable to pick an initial temperature much less than the melting point peak to allow for the PCM temperature rise during melting.
Thus, it is evident that pure PCMs provide for better performance and near isothermal operation of the VCTES heat sink. It is interesting to note that the developed numerical model has little convergence problems even in solving an isothermal phase change problem, which is highly nonlinear compared to phase change problems with a melting range. 
C. Importance of graphite foam in TES
The developed numerical model was also used to study the importance of using foam in TES units. Accordingly, only PCM was assumed present in the columns without any thermal conduction-enhancing medium (graphite foam). The results are shown in Fig. 12 . The wall temperature drops initially because of the presence of a sink in the form of copper walls and PCM but this drop is not quite as much as in Fig. 7 . This is because in Fig. 12 , the majority of the heat sink comprises only of copper walls because of the poor penetration of heat in the PCM sans graphite foam. This could be clearly observed in Fig. 12 , where TC6 and TC7 are still at the initial temperature at the end of charging time indicating that no melting of PCM has taken place at those locations. Therefore, owing to its poor American Institute of Aeronautics and Astronautics 092407 thermal conductivity, the resistance to heat transfer in PCM without graphite foam dominates the film condensation resistance during the transient charging process. 
V. Conclusion
A concept of a dual latent heat sink intended for low thermal duty cycle electronic heat sink applications is presented in this paper. The key process of heat storage during the pulse heat generation period of the duty cycle for this heat sink comprises of transient simultaneous laminar film condensation of vapor and melting of an encapsulated phase change material in graphite foam. The problem is numerically analyzed including the wall inertia effects. An effective heat capacity formulation is employed for modeling the phase change problem and is solved using finite element method.
The results of the developed model showed that the concept is effective in preventing undue temperature rise of the heat source. The advantage of having a dual latent phase change phenomenon is shown as compared to single latent heat sink by assuming the lack of PCM in the design. It is also numerically shown that pure PCM exhibits a better performance. The significance of having a thermal conductivity enhancing medium for PCM is also shown. As expected, graphite foam plays a very crucial role in transferring heat to the PCM and thus helps in rapid charging.
It is found that during the transient operation of a VCTES heat sink, the key impediment to rapid heat absorption comes from the condensate film. Because of the condensate profile, the PCM phase change problem becomes twodimensional and the temperature gradient in the interfacial solid wall in the height direction is large. It is also observed that for PCMs with a melting range, selection of a right operating range and initial temperature are crucial.
